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endothelial dysfunction; humanin; coronary HUMANIN is a 24-amino-acid peptide known to be associated with improved neuronal cell survival in patients with familial Alzheimer's disease (13) via interference with pro-and antiapoptotic proteins such as Bid, Bax, ceramide (12, 27, 28) , and IGFBP-3 (15) . Previous in vitro work by our lab has shown humanin to be expressed in both the vascular endothelium as well as the unstable carotid atheromatous plaque (2, 29) . Moreover, humanin introduced to cultured endothelial cells wards off damage related to reactive oxygen species (ROS) production, typically incurred by the inflammatory stress of oxidized low-density lipoproteins LDL (Ox-LDL) (2) . In vivo work from our group also demonstrated that humanin administration preserves endothelial function and reduces atheromatous plaque burden in ApoE knockout mice (22) . These effects are believed to be achieved through improved nitric oxide (NO) bioavailability (22) , regulation of anti-apoptotic factors (19) , and AMP-kinase signaling (21) . Recent work has also shown that humanin attenuates remodeling of the renal vasculature in a murine model of atherosclerosis mainly by downregulating proteins involved in angiogenesis, apoptosis, fibrosis, and inflammation (30) . Taken together, preclinical data suggest beneficial structural and functional effects of humanin on the vascular system; however, there is a paucity of data on the functional correlation in humans.
Endothelial dysfunction is defined as an inappropriate vasomotor response to physiological or pharmacological stress (4, 7, 23) and has been linked to various cardiovascular pathologies such as obesity, diabetes, hypertension, coronary artery disease, and stroke (1, 3-5, 8, 24, 26) . Endothelial dysfunction is thought to be a harbinger of atheromatous damage to the vasculature contributing to increased cardiovascular morbidity and mortality (4, 18, 24, 26) . Classically, atheromatous plaques are rich in lipids and Ox-LDL, inflammatory cells such as monocytes/macrophages, as well as necrotic cores, all initiating and feeding a cycle of increased ROS production, inflammation, and apoptosis.
While humanin expression in the endothelium and in atherosclerotic plaques, and its ability to alleviate the deleterious effects of ROS-induced endothelial injury (21, 22) as well as inflammation (30) in animal models, are well documented, it is unknown if circulating endogenous levels of humanin are linked to endothelial dysfunction in humans. The aim of this study was to test the hypothesis that coronary endothelial dysfunction is associated with altered humanin levels in humans.
METHODS
Human subjects and recruitment. The study was approved by the Institutional Review Board of Mayo Foundation, and all study subjects provided written, informed consent. We enrolled a total of 40 patients undergoing coronary angiography and coronary endothelial function testing for clinical indications of recurrent angina with or without a positive stress test who met the criteria for inclusion into the two study groups. Patients with acute coronary syndromes (unstable angina or acute myocardial infarction), heart failure (ejection fraction Ͻ50%), or severe renal or liver disease were excluded. The patients were classified as having normal endothelial function, n ϭ 20; or endothelial dysfunction as assessed by intracoronary acetylcholine challenge (see below), and the absence of significant structural coronary lesions on angiography, n ϭ 20 (10, 11).
Study protocol/hemodynamic measurements. Patients underwent a diagnostic coronary angiography using standard clinical protocols. Arterial blood (20 ml) was drawn from a catheter for biochemical analyses (16, 17) . All subjects underwent assessment of endotheliumdependent coronary vasoreactivity, as previously described (10, 11) . In brief, 5,000 units of heparin were given intravenously to all patients and a Doppler guidewire (Flowire, Volcano) within a coronaryinfusion catheter (Ultrafuse, SciMed Life System) was positioned into the midportion of the left anterior descending coronary artery. Acetylcholine (ACh) at increasing concentrations (10 Ϫ6 to 10 Ϫ4 M) was infused into the left anterior descending coronary artery to assess endothelium-dependent vasoreactivity. Haemodynamic data, Doppler measurements, and a coronary angiogram were obtained after each infusion. Coronary artery diameter was measured by an independent investigator in the segment 5 mm distal to the tip of the Doppler wire using a computer-based image analysis system. Average peak velocity (APV) was derived from the Doppler flow velocity spectra and CBF determined as (coronary artery diameter/2)2 ϫ (APV/2). As previously described, microvascular endothelial dysfunction was defined as an increase in CBF of Ͻ50% and epicardial endothelial dysfunction (macrovascular function) was defined as a decrease in epicardial coronary artery diameter of more than 20% in response to the maximal dose of acetylcholine (10 Ϫ4 M) (25) . Endothelium-independent microvascular function was determined by the coronary flow reserve (CFR), which is the ratio of the APV at maximal hyperemia [induced by intracoronary adenosine (24 -60 g)] to the APV at baseline (9) . The study population, in total, was analyzed by both coronary microvascular and epicardial vessel function as well as coronary flow reserve (CRF).
Humanin levels. For human plasma humanin levels, samples were collected from 40 volunteers undergoing angiography. Plasma humanin was measured using an in-house ELISA assay after acetonitrile/ HCl extraction as reported previously (20) .
Biochemical assays. Serum lipids were measured using enzymatic colorimetry and LDL cholesterol calculated. Hemoglobin A1c was measured using ion-exchange high-performance chromatography (BIO-RAD Variant II Turbo Hemoglobin A1c program, Hercules, CA). Free insulin levels were measured by an automated chemiluminescent immunoenzymatic assay (ACCESS, Beckman-Coulter, Fullerton, CA). Highsensitivity C-reactive protein (hs-CRP) levels were measured using a latex particle-enhanced immunoturbidemetric assay on a Hitachi 912 automated analyzer. Serum creatinine, Lp-Pla 2, homocysteine, and complete blood counts were measured as described before (9) .
Statistical analyses. Data were expressed as means Ϯ SD. Baseline comparisons were made by Student's t-test for continuous data or Fischer's Exact Comparison for binary measures. Comparison of different groups was performed by one-way ANOVA followed by post hoc tests for parametric and nonparametric distribution. Comparisons between the two groups were made by Student's t-test or Mann-Whitney rank sum test. A value of P Ͻ 0.05 was considered significant. Correlations were analyzed using Spearman tests, and all tests were performed using JMP (9.0.1, SAS Institutes).
RESULTS
General characteristics are listed in Table 1 . There were no differences in baseline variables between groups divided into normal and abnormal coronary microvascular endothelial function (Ͻ50% increase in CBF to ACh). Furthermore, there were no statistical differences in medication profiles between the two groups. Compared with controls, patients with microvascular endothelial dysfunction had significantly lower humanin levels ( Table 2 and Fig. 1 ). No specific level of humanin could be used to demarcate one group of either endothelial function or humanin levels from the other, likely owing to the smaller sample size and relative novelty of the humanin assay. Within-group analysis (not shown) still demonstrated positive correlations between humanin levels and percent changes in CBF, thus reinforcing the relationship between the two and negating the possibility that statistical differences could be an artifact from between-group differences. Furthermore, linear regression analysis revealed a positive and significant relationship between humanin and CBF response to intracoronary ACh (R 2 ϭ 0.17, P ϭ 0.01; Fig. 2A ). There was also a positive relationship between coronary artery diameter response to ACh and humanin (R 2 ϭ 0.09, Fig. 2B ), but this did not reach statistical significance (P ϭ 0.053). CFR and humanin levels were not correlated (R 2 ϭ 0.002; P ϭ 0.76). Humanin levels directly correlated to percent changes in coronary blood flow with acetylcholine challenge (P ϭ 0.009, Fig. 2A ) and tended to correlate with changes in coronary artery diameter (P ϭ 0.05, Fig. 2B ). Levels of circulating leukocytes (7.2 Ϯ 1.8 ϫ 10 /l, P ϭ 0.02) were all significantly reduced in patients with endothelial dysfunction (Table 2 ). Humanin levels also positively correlated with body mass index (BMI) (P ϭ 0.042), and increased with increasing monocytes numbers (P ϭ 0.014), but not with leukocytes (P ϭ 0.34).
DISCUSSION
The current study demonstrates that circulating humanin levels are associated with attenuated microvascular coronary endothelial dysfunction in humans. This relationship holds irrespective of most other significant factors relating surrogate markers for cardiovascular disease, inflammation, or cardiac damage. As microvascular function is usually the first affected in the disease state, it is possible that humanin levels could be affected early in the atherotic disease process in concert with microvascular changes, and before deleterious macrovascular injury has taken hold. This finding linking an anti-apoptotic agent to preserved endothelial function could possibly hint toward novel mechanisms involved in the regulation of vascular function.
It could be speculated that in patients with a predilection toward endothelial dysfunction caused by mechanisms independent of inflammation, humanin serves to abrogate the effects of increased cellular inflammation. This hypothesis is underscored by the observation in the current study as humanin appears to be linked to BMI based on our data. Perhaps there is a mechanistic association between increased inflammation caused by obesity and resultant potentially protective increase by monocytes, lymphocytes, and/or humanin. We describe a direct association between leukocyte numbers and coronary endothelial function, and a concomitant positive correlation between humanin levels, BMI, and circulating monocytes plus lymphocytes. This reflex could serve as a protective response in populations at higher risk for atherosclerosis. Thus there is a unique, and potentially diagnostic and/or therapeutic, relationship between low endogenous, circulating humanin levels and coronary endothelial dysfunction in humans.
Humanin is thought to originate from mitochondria in tissues such as the brain, vasculature, skeletal muscle, testes, and pancreas (14) . Previous work has shown a particular expression in endothelial surfaces and unstable atheromatous plaques (2, 29) . Our data present a few interesting possibilities pertinent to cardiovascular disease and humanin levels. From a diagnostic and/or prognostic point of view, humanin could either be underproduced by dysfunctional mitochondria or overly sequestered in endothelial surfaces in response to early atherosclerotic plaques. Therefore, humanin could potentially be used as a marker for mitochondrial function in cardiovascular disease or as a treatment strategy to stabilize atherosclerosis in patients found to have endothelial dysfunction. In support of this stipulation, prior work in animal models supports the ability of humanin to ameliorate early vascular disease in hyperlipidemic mice (30) . Indeed, given the few differences observed between patients with normal endothelial function and those with endothelial dysfunction the underlying mechanisms linking humanin to endothelial function remain to be elucidated, especially in view of the limited associations we found between humanin levels and other inflammatory mediators commonly associated with regulation of endothelial function such as L-arginine, insulin, homocysteine, hs-CRP, fibrinogen, lipoprotein (a), or lipids. One limitation involves including only arterial samples from the coronary catheterization instead of peripheral venous samples. However, one benefit of this method is that arterial samples reach the coronary circulation first, perhaps furthering its endothelial protective role. These findings are supported by previous animal work in our lab showing that endothelial function can be preserved with the long term administration of humanin without concomitant alterations in other traditional molecular surrogates for vascular health such as VEGF, insulin, resistin, tPAI-1, or IL-6 (22) . Along these lines, we found that L-arginine levels were not allied with humanin levels, arguing against, but not completely discounting, a link between NO bioavailability and humanin levels and administration (29) .
Interestingly, we found an increase in the counts of white blood cells-particularly monocytes and lymphocytes-in patients with coronary endothelial dysfunction. This somewhat diverges from the lack of association observed in this and previous studies (6) , between any other markers of increased oxidative stress or inflammation with humanin levels in patients with abnormal endothelial function. The relationship with leukocytes was also highlighted by significant positive correlations with humanin levels in this same group of patients. This observation is somewhat intriguing considering the abundant data indicating that humanin reduces inflammation. Based on prior work (30) , one would surmise that humanin levels would be associated with oxidative stress, which should reduce cellular inflammatory responses. Possibly, in patients with elevated numbers of leukocytes who are predisposed to develop endothelial dysfunction, humanin increases as a defense mechanism stabilizing previously unstable disease. This view is underscored by recent in vivo work showing that in the renal vasculature of an atherosclerotic murine model the expression of MCP-1 and osteopontin, which both induce an influx of inflammatory cells such as monocytes/macrophages into the endothelium, were reduced after 16 wk of intraperitoneal injections of humanin (30) . Thus it is not unlikely that humanin serves to stabilize the endothelium by negating the potential wayward consequences of vascular inflammation.
In conclusion, we show for the first time that circulating endogenous humanin levels are associated with preserved coronary endothelial function. This augmentation is not associated with other overt markers of vascular inflammation or cardiovascular disease surrogates, yet circulating levels of humanin are positively correlated with certain subsets of leukocytes. Future studies should elucidate the mechanisms underlying these findings and explore the diagnostic and/or therapeutic implications of humanin in cardiovascular disease.
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